Adenophostin A (AdA) is a potent agonist of the D-myo-inositol 1,4,5-trisphosphate receptor (Ins(1,4,5)P 3 R). Various 2-aminopurine analogues of AdA were synthesized, all of which (guanophostin 5, 2,6-diaminopurinophostin 6, 2-aminopurinophostin 7, and chlorophostin 8) are more potent than 2-methoxy-N 6 -methyl AdA, the only benchmark of this class. The 2-amino-6-chloropurine nucleoside 11, from Vorbrüggen condensation of 2-amino-6-chloropurine with appropriately protected disaccharide, served as the advanced common precursor for all the analogues. Alcoholysis provided the precursor for 5, ammonolysis at high temperature the precursor for 6, and ammonolysis under mild conditions the precursor for synthesis of 7 and 8. For 8, the debenzylation of precursor leaving the chlorine untouched was achieved by judicious use of BCl 3 . The reduced potency of chlorophostin 8 and higher potency of guanophostin 5 in assays of Ca 2+ release via recombinant Ins(1,4,5)P 3 R are in agreement with our model suggesting a cation-π interaction between AdA and Ins(1,4,5)P 3 R. The similar potencies of 2,6-diaminopurinophostin (6) and 2-aminopurinophostin (7) concur with previous reports that the 6-NH 2 moiety contributes negligibly to the potency of AdA. Molecular modeling of the 2-amino derivatives suggests an interaction between the carboxylate side chain of Glu505 of the receptor and the 2-NH 2 of the ligand, but for 2-methoxy-N 6 -methyl AdA the carboxylate group of Glu505 is deflected away from the methoxy group. A helixdipole interaction between the 1-phosphate of Ins(1,4,5)P 3 and the 2′-phosphate of AdA with R-helix 6 of Ins(1,4,5)P 3 R is postulated. The results support a proposed model for high-affinity binding of AdA to Ins(1,4,5)P 3 R.
Introduction
In almost every animal cell, diverse extracellular stimuli lead to activation of phospholipase C and thereby to formation of inositol 1, 4, 4, 5) P 3 , 1) from phosphatidylinositol 4,5-bisphosphate. 1 The biological effects of Ins (1,4,5)P 3 are mediated by Ins (1, 4, 5) P 3 receptors (Ins (1, 4, 5) P 3 R). These are Ca 2+ -permeable channels expressed predominantly in the membranes of the endoplasmic reticulum, from which they allow rapid release of Ca 2+ into the cytosol. 2 The ensuing increase in cytosolic Ca 2+ concentration, which often takes the form of complex Ca 2+ waves, spikes, and local Ca 2+ signals, controls many different aspects of cellular activity. Many analogues of Ins (1, 4, 5) P 3 have been synthesized, 3 but with the exception of dimeric Ins (1, 4, 5) P 3 , 4 none is more potent than Ins (1, 4, 5) P 3 .
In 1993, Takahashi et al. isolated adenophostins A (2) and B (3) from culture broths of Penicillium breVicompactum: 5 both are full agonists of Ins (1, 4, 5) P 3 R with potencies at least 10 times greater than Ins (1,4,5)P 3 . 6 This has stimulated much interest to synthesize analogues of adenophostin A (AdA). These analogues have been useful in defining structure-activity relationships (SAR), 7 but none of them has matched the potency of AdA itself.
The adenine ring (or a surrogate) is essential for the enhanced affinity of AdA, 8 but the details of its interactions with the Ins (1, 4, 5) P 3 R are not defined. The adenosine moiety may orient the 2′-phosphate in a position that strengthens its interactions with the amino acid residues that interact with the 1-phosphate of Ins (1, 4, 5) P 3 , in effect allowing the 2′-phosphate of AdA to super-optimally mimic the 1-phosphate of Ins (1,4,5)P 3. 9 Alternatively, the adenine moiety may itself make supplementary interactions with the Ins (1, 4, 5) P 3 R. 10 Purine-modified analogues of AdA are likely to discriminate between these alternatives.
Purine-modified AdA analogues (predominantly at the C-6 position) have been synthesized, but the 2-position of this base has not been explored, with the exception of 2-methoxy-N 6 -methyladenophostin (4), 7a which is ca. 6-fold less potent than AdA and only 2-fold more potent than Ins (1, 4, 5) P 3 . This suggests less steric tolerance of 2-modified analogues. However, our recently proposed model 7a of AdA-docked into the Ins (1, 4, 5) P 3 -binding core of the Ins (1, 4, 5) P 3 R shows the carboxylate anion of Glu505 near the 2-position of the adenine. This prompted us to consider that an H-bond donor or cationic moiety (e.g., NH 2 ) at the 2-position may interact constructively with Glu505. To explore this possibility further, we report the synthesis and biological evaluation of various 2-amino purine analogues (5) (6) (7) (8) of AdA. A preliminary report for one analogue has appeared. 11
Results and Discussion
Vorbrüggen condensation of a silylated purine with a properly protected disaccharide is an ideal method for the synthesis of disaccharide nucleosides. 12 We 13 and others 14 have used this strategy successfully for the synthesis of various AdA analogues via Vorbrüggen condensation of an appropriate disaccharide with silylated nucleobase. However, Vorbrüggen condensation of guanine (or its derivatives) with acylated sugars is known 15 to form a mixture of N-7 and N-9 regioisomers, even under thermodynamic control, and hence is not suitable for synthetic purposes. Although we have synthesized a variety of 6-modified AdA analogues by substitution of the chlorine of 6-chloropurine nucleosides with various amines, the resistance of 2-chloro derivatives to ammonolysis prevented the use of 2-chlorinated purines for the synthesis of 2-amino purine analogues. However, 2-amino-6-chloropurine (9) is reported 16 to undergo regiospecific condensation under Vorbrüggen conditions and, hence, we decided to use 9 for glycosylation with an aim to synthesize various 6-substituted 2-aminopurine nucleoside analogues by manipulating the 6-chlorine motif. Vorbrüggen condensation of 2-amino-6-chloropurine (9) and the known 7a disaccharide 10 using TMSOTf as the Lewis acid was initially investigated. The yields of the condensation were found to depend largely on the silylating agent used for the generation of persilylated purine. When TMSOTf was used, a mixture of the expected nucleoside 11 (27%) and a dimeric compound (23%, presumably glycoylated at N-9 and C2-NH 2 ) was obtained. Variation of the solvent or relative stoichiometry of the reactants did not show any improvement in the yield or product distribution. Similarly, when TMSCl-HMDS was used as the silylating agent, 11 was obtained in very low yield. In addition, we have observed the formation of two isomeric nucleosides under these conditions previously. 7d However, the yield of 11 could be improved (90-100% in various trials) when N,O-bis-trimethylsilyl-acetamide (BSA) was used as the silylating agent and TMSOTf as the catalyst for the condensation. Interference of the liberated acids (TfOH or HCl) during the silylation in the subsequent condensation reaction could be a plausible reason for the low yield when TMSOTf or TMS-Cl was used as the silylating agent. Based on this argument, the high yield of 11 when BSA was used for silylation could be attributed to the neutral nature of liberated acetamide.
Having achieved the synthesis of the versatile intermediate 11, we attempted to synthesize 3′-R-D-glucopyranosylguanosine 2′,3′′,4′′-trisphosphate (5), "guanophostin", the guanine analogue of AdA (Scheme 1). It is known that 2-amino-6-chloropurine nucleosides can be converted to guanine nucleosides by treatment with oxygen nucleophiles. Since the guanine oxygen can potentially interfere during further synthetic steps, we decided to generate the guanine moiety toward the end of the synthetic plan. For this purpose, methodologies to deprotect the acetate groups in 11 without affecting the chlorine were investigated. Aminolysis with n-butylamine in methanol gave a mixture of C-6-substituted and unsubstituted triols along with partially deacylated derivatives. However, use of the comparatively less nucleophilic ammonia 17 gave more promising results. Thus, the triacetate, 11 on ammonolysis in methanol at room temperature yielded the expected triol 12 in 90% yield. Chemoselective phosphitylation 18 followed by in situ oxidation provided the protected trisphosphate 13 in very good yield. However, several attempts to transform 13 to the guanosine derivative 14 met with failure. Attempts to hydrolyze the chlorine using 4 M NaOH 19 failed, and 13 could be recovered unchanged.
Since it is well-known that the 6-Cl can be substituted with alkoxides, we attempted to substitute the chlorine with the alkoxide generated from 3-hydroxypropiononitrile as the resulting alkoxy derivative will undergo -elimination to generate the guanine moiety. When DBU 20 was used as the base (for the generation of alkoxide), the reaction was sluggish, and most of the starting material remained unchanged even after 5 days. However, when a stronger base, NaH, 16 was used, the generated alkoxide displaced the benzyl protecting groups on phosphorus leaving the chlorine intact. Because generation of the guanine moiety in unprotected form failed, we attempted to generate the oxo-functionality in guanine in protected form. Since the sugar hydroxyl and phosphate groups were protected as benzyl ethers and benzyl esters, respectively, in 13, we chose to generate the benzyl protected guanine 15 from 13. Chen et al. reported the displacement of chlorine in 6-chloropurine derivatives with an alcohol in the presence of K 2 CO 3 . 21 Analogous use of benzyl alcohol in the presence of K 2 CO 3 (or NaH) in (16) (5) our case, unfortunately, resulted in the loss of a phosphate triester from the molecule.
SCHEME 1. Attempted Synthesis of Guanophostin
Having failed in various attempts to generate the guanine or protected guanine moiety in the presence of phosphate triesters, we chose to generate the guanine moiety before phosphorylation. To prevent the possible interference of guanine oxygen (O-6) during the phosphorylation (guanine oxygen can potentially compete with sugar hydroxyls for phosphorylation), we decided to generate the O-protected guanine moiety. Since the protecting groups used elsewhere in the molecule are benzyl ethers (or esters), we envisioned that generation of O-benzyl guanine derivative is an economical synthetic strategy, as it will reduce the number of steps for deprotection. Treatment of 11 with sodium benzoxide generated in situ from benzyl alcohol (6 equiv) and sodium hydride (5 equiv) in DMF at 80°C provided a mixture of 16 (43%) and 17 (41%). However, surprisingly, the use of only 2 equiv of sodium hydride and BnOH as solvent resulted in the exclusive formation of 16 (88%, Scheme 2). During the treatment of sodium benzoxide with 2-amino-6-chloropurine, in addition to the expected formation 6-Obenzylguanine, the formation of the 2-N-benzylguanine analogue was reported. 22 In our case, the formation of 2-N-benzylated product was not observed. Triol 16 on chemoselective phosphitylation using imidazolium triflate as catalyst followed by in situ oxidation provided the fully protected trisphosphate 18 in 82% yield. Removal of benzyl protecting groups by transfer hydrogenolysis followed by purification by ion-exchange column chromatography provided guanophostin (5) in pure form. 11 To compare the effect of an additional NH 2 group at the 2-position of AdA, we synthesized 2,6-diaminopurinophostin (6, Scheme 3). For the synthesis of 6, unlike that of guanophostin, the chlorine has to be substituted with an amino group. It is well-known that chlorine in 6-chloropurine nucleosides can be substituted with various amines at higher temperature, and we have used this methodology for the synthesis of various 6-substituted AdA analogues. 7a By analogy, ammonolysis of the nucleoside 11 at higher temperature provided the 2,6-diaminopurine derivative 19 in very good (98%) yield. The Oselective phosphitylation followed by in situ oxidation provided the protected trisphosphate 20 in 84% yield. Hydrogenolytic removal of benzyl protecting groups provided the 2,6-diaminopurinophostin (6) .
The 6-NH 2 is not essential for the enhanced biological activity of AdA, 7d and it can be substituted with alkylamines without much loss of potency. 7a Hence, we decided to synthesize 6-modified 2-aminopurine analogues of AdA by manipulating the 6-Cl group. 2-Aminopurine nucleosides are fluorescent, and this makes them attractive bioanalytical probes. 23 For this reason, synthesis of 2-aminopurine nucleosides has attracted much attention. 24 Active, fluorescent analogues of AdA might offer additional opportunities to examine receptor-ligand interactions. Hence, we undertook the synthesis of 2-aminopurinophostin (7) (Scheme 4). First, to test our theory that a cation-π interaction contributes to the increased affinity of AdA, we required (5) SCHEME 3. Synthesis of 2,6-Diaminopurinophostin (6)
SCHEME 2. Synthesis of Guanophostin
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halogen-substituted AdA analogues; halogen-substituted aromatics have weaker cation-π interactions with a cationic residue. 25 Chlorine is the ideal replacement because, being similar in size to a methyl group, it will not impose any steric hindrance. In addition, halogen bonding, the attractive interaction between halogen and oxygen (or nitrogen), is important in enzymesubstrate recognition, 26 and halogen-substituted analogues of AdA may reveal whether such interactions contribute to their binding to InsP 3 R. Finally, AdA analogues with chlorine at the 6-position could be of future use for further conjugation, such as immobilization through a spacer, etc.
For the synthesis of both "chlorophostin" and "2-aminopurinophostin", the highly advanced intermediate 13 was used. Thus, hydrogenolysis of 13 with Pd(OH) 2 and cyclohexene resulted in the formation of 2-aminopurinophostin (7) in a single step. The concomitant displacement of chlorine with hydrogen under hydrogenolytic debenzylation conditions is advantageous. Because chlorine undergoes reduction under the hydrogenolytic conditions used to remove the benzyl protecting groups, such methods cannot be used to synthesize chlorophostin. However, Hanna et al. deprotected the benzyl protecting groups in 2-amino-6-chloro-9-(2,3,5-tri-O-benzyl-R-D-arabinofuranosyl)purine without affecting the chlorine using BCl 3 , 27 and BCl 3 has been used to deprotect the benzyl esters of phosphate triesters. 28 Based on these reports, we attempted to deprotect all the benzyl groups in 13 using BCl 3 . Thus, treatment of 13 with BCl 3 provided chlorophostin (8) in good yield.
The ability of these 2-aminopurine analogues (5) (6) (7) (8) of AdA to stimulate Ca 2+ release via Ins(1,4,5)P 3 R was measured by using a low-affinity Ca 2+ indicator trapped within the endoplasmic reticulum of DT40 cells expressing only recombinant rat type I Ins(1,4,5)P 3 R as previously reported. 29 The results demonstrate that each of these analogues (5-8) is a full agonist with a potency comparable or slightly lower than that of AdA (Table 1) .
Guanophostin is the most potent of the analogues: it is essentially equipotent with AdA and (18 ( 5)-fold more potent than Ins(1,4,5)P 3 . The remaining analogues (6) (7) (8) are only slightly less potent than guanophostin. All of the analogues are more potent than the 2-methoxy analogue 4, which is (5.9 ( 0.5)-fold less potent than AdA. The latter data were determined in a different biological assay where the type 2 InsP 3 R predominates 7a and showed EC 50 values of 13 nM, 14 nM, and 82 nM for N 6 -methyl-AdA, AdA, and 2-methoxy-N 6 -methylAdA 4, respectively. That 6 and 7 are equipotent agrees with previous suggestions that the contribution of the 6-NH 2 of AdA toward Ins(1,4,5)P 3 R recognition is negligible. 7d,30 The weaker activity of the 2-methoxy derivative 4 suggested that the receptor close to the 2-position is sterically intolerant, but the relatively higher potencies of the newly synthesized 2-amino derivatives show that the 2-position can accommodate an NH 2 group. This suggests that, although the 2-position may be sterically sensitive, a hydrogen bond donor/acceptor there improves binding to the Ins(1,4,5)P 3 R. This is consistent with our model of AdA docked into the Ins(1,4,5)P 3 -binding core, which shows the carboxylate side chain of Glu505 close to the purine 2-position. 7a Hydrogen bonding or electrostatic attraction between the NH 2 and ionized COOH could be responsible for the higher potency of the new 2-aminopurine analogues (5) (6) (7) (8) relative to the methoxy derivative 4; such an interaction is not possible for 4, that could only accept a hydrogen bond. Potency thus seems to reflect the competing effects of unfavorable steric interactions and favorable electrostatic or hydrogen bonding interactions with Glu505. However, it is interesting to note that this proposed interaction does not improve the potency of 6 over 7 (compared to 2), that might potentially be supposed could be more potent than AdA 2 itself, if viewed as AdA with an additional 2-amino group. Accommodation of the 2-amino group by the protein may modulate the overall binding in this region (25) (1, 4, 5) P3, and three independent experiments for the other ligands, with each experiment comprising a concentration-effect relationship determined with three replicates.
relative to 2 and the potencies observed in general do not vary greatly within the set, thus making it very hard to draw rigorous SAR conclusions related to additivity of motifs in the absence of any desirable structural biology information. Purinophostin, the parent for 6 and 7 was studied earlier 7d and found to be only ca 1.3-fold weaker than AdA, but in a different assay system, using permeabilized hepatocytes. While the sequential addition of amino groups at C-2 (7), and at C-2 and C-6 (6) leads to apparent further decreases in activity relative to AdA, the decreases are rather small for structural interpretation. The (3.5 ( 1.2)-fold lesser potency of chlorophostin relative to AdA, however, is interesting because introduction of an NH 2 at the 2-position (in analogues 5-7) increases or retains the activity of the parent analogue: the chlorine at the 6-position must therefore be responsible for the reduced potency of chlorophostin. Chlorine is the size of a methyl group, and the 6-position is sterically tolerant; 7a the reduced potency of chlorophostin should not, therefore, be attributable to a steric effect.
Our model of AdA binding places the adenine ring parallel to the guanidinium side chain of Arg504, and we have suggested that a cation-π interaction between them may contribute to the high affinity of AdA. 7a Such interactions are known to make important contributions to the binding of many small ligands to proteins. The most frequently observed interactions between proteins and nucleobases are H bonds, hydrophobic contacts or π-π stacking. 31 However, a systematic analysis of protein structures with side chains bound to nucleobase ligands revealed that cation-π interactions are more common than π-π stacking interactions. Arg-adenine is the most frequent cation-π pair. 32 A recent analysis of the structures of proteins bound to adeninebased ligands suggests the coexistence of cation-π and π-π stacking interactions. 33 The strength of a cation-π interaction is very sensitive to the electron density and polarization 34 on the face of the aromatic ring, 35 with theoretical 25 and experimental studies 36 showing that introduction of electron-withdrawing groups 37 in the aromatic partner reduces the strength of the interaction and electron-donating groups enhance the interaction. Recent computational research 35 found a correlation between the binding energies of cation-π complexes calculated at a high level of theory and the corresponding electrostatic potential energy (EP) surfaces calculated using the AM1 semiempirical method. To rationalize the effects of substituents on potential cation-π interactions between the purine rings of 2, 5, and 8 with Arg504, the EP surfaces of the rings were generated ( Figure  1 and Supporting Information). Adenine was found to have the most negative EP surface, enhanced by the 6-amino group. Like adenine, guanine also has an amino group; however, the inductive/mesomeric effects of this group appear to be outweighed by the effects of the oxygen at the 6-position causing the EP surface of guanine to be a little less negative than that of adenine. The 6-Cl-substituted ring exhibited the least negative EP surface due to the deactivating halogen. This indicates that a cation-π interaction involving chlorophostin would be the least energetically favorable (Figure 1 ) and, other things being equal, might thereby provide an explanation for the lesser potency of chlorophostin that is consistent with our model for the interaction of AdA with Ins(1,4,5)P 3 R. However, the reduction in basicity of 2-NH 2 group, due to the electron-withdrawing effect of the chlorine atom, and the resultant reduction in the strength of the potential interaction between 2-NH 2 and Glu505 being responsible for the reduced potency of chlorophostin cannot be ruled out.
The higher potency of guanophostin compared to 6 and 7 suggests that it forms generally more favorable interactions in addition to those suggested for the 2-NH 2 group. Only in guanophostin could the N 1 H motif potentially be either a H-bond donor or acceptor; in the other ligands, it could only be an acceptor. The hypoxanthine analogue of adenophostin B is almost equipotent with AdA (measured in a different assay system). 30 While not a perfect comparison, the H-bond donor ability of N 1 H is unlikely to be responsible for the increased potency of guanophostin (vide infra). An ab initio study of cation-π interactions in protein-DNA complexes revealed that those involving Arg and guanine are generally more stable than Arg-adenine pairs. 32, 38 This might account for the increased potency of guanophostin and would fit also with our suggestion that a cation-π interaction is responsible for the increased affinity of AdA-like ligands. 7a Molecular models of guanophostin and other analogues with the 2′-endo conformation of the ribose ring were built in Sybyl 7.1 (Tripos Associates) and docked into the Ins(1,4,5)P 3 -binding core of the Ins(1,4,5)P 3 R (PDB file no. 1N4K) using GOLD 39 (Version 2.2). Details of the molecular modeling methods are described elsewhere. 7a The highest scored binding mode of each of these novel ligands closely resembled binding mode B of AdA (described in ref 7a 
bisphosphate of Ins (1, 4, 5) P 3 with the Ins(1,4,5)P 3 -binding core were reproduced by the glucose 3′′,4′′-bisphosphate group of the newly synthesized 2-aminopurine derivatives, and a cation-π interaction between the guanidinium side chain of Arg504 and the purine was present. In addition to the interactions observed in binding mode B of AdA, hydrogen bonding interactions were observed between the 2-amino group of the analogues and residue Glu505 (Figure 2 ). This could contribute to the potencies of these analogues (see also the Supporting Information). We can see no possibility for any interaction between N 1 H of 5 and the receptor (and by implication also hypoxanthine) in our model. The EP surface of chlorophostin 8 also shows the 2-NH 2 region to be relatively less positive than that in 5, which could also destabilize any potential Glu505 interaction. For similar docks of 7 and 8, see the Supporting Information.
With the aim of examining the reduced potency of 2-methoxy-N 6 -methyl-adenophostin (4) in comparison to the newly synthesized 2-amino derivatives 5-8, a docking study was performed on 2-methoxy-N 6 -methyl-AdA using the methods described previously. 7a As observed in the studies on 5-8, the highest scored binding mode of 2-methoxy-N 6 -methyl-AdA (4) reproduced the ligand-binding core interactions of AdA (mode B). The highest scoring binding modes of both guanophostin and 2-methoxy-N 6 -methyl-AdA were subjected to energy minimization using the Tripos force field and the resulting structures compared. The only significant difference between the two minimized structures was the positions of the purine rings and Glu505, which were at a greater distance apart in the 2-methoxy-N 6 -methyl-AdA structure (Figure 3) . The side chain of Glu505 was observed to have moved away from the 2-position methoxy group with an rms deviation of 0.70 Å between the two energyminimized structures. This suggests that a methoxy group at the 2-position of the adenine ring may be sterically unfavorable, and this may account for the reduced potency of 4.
In all our modeling studies with AdA analogues, the 2′-phosphate occupies a position proximal to the axis of R-helix-6 of the Ins(1,4,5)P 3 -binding core (Figure 4) . The formation of a macrodipole in an R-helix, due to the coaxial alignment of the peptide groups, results in the development of a partial net charge at the helix termini, 40 and this dipolar charge distribution may be important in, for example, protein folding, 41 binding of charged species at the helical termini, 42-45 and concentrating cations within ion channels. 46 The favorable interaction of a charged species with an oppositely charged helix dipole has been exploited in protein engineering. 47 From the structure of Ins (1, 4, 5) P 3 bound to the binding core of the Ins(1,4,5)P 3 R, it is clear, although never previously remarked upon, that the 1-phosphate of Ins (1, 4, 5) P 3 is also directed toward R-helix-6. This suggests the possibility of a helix-dipole interaction between the 1-P of Ins(1,4,5)P 3 and R-6 helix of Ins(1,4,5)P 3 R. 11 However, a more general analysis of the locations of charged species at the termini of the R-helices of protein structures has questioned the existence of such electrostatic interaction, 48 and another study noted that the strength of the interaction between helix dipole and charged species depends on whether the helical termini are accessible to water. 49 In an aqueous environment, the dipole is counteracted by an electrostatic reaction field generated by the solvent which drastically reduces the strength of the helix dipole. A recent review 50 suggested that the importance of macrodipoles has sometimes been overestimated due to the use of inadequately low values of the relevant dielectric constant. Hence, the presence of the 1-P of Ins (1, 4, 5) P 3 (2′-phosphate in AdA analogues) near the R-6 helix, while notable, does not unambiguously establish the potential role of a helix-dipole interaction in Ins (1, 4, 5) P 3 binding. Nevertheless, our models of AdA and other analogues position the 2′-phosphate closer to the R-6 helix than the corresponding crystallographic distance for the 1-P of Ins (1, 4, 5) P 3 , so this interaction could be of greater significance. However, even if the helix dipole does play a role in Ins (1, 4, 5) P 3 recognition, the slightly closer position of the 2′-phosphate of AdA is insufficient explanation for the increased potency of AdA and its analogues. Further experiments are necessary to unravel the role of helix-dipole interactions in ligand recognition by Ins (1, 4, 5) P 3 receptors.
In conclusion, we have synthesized four 2-position-modified analogues of AdA and established their biological activity. In contrast to the previous benchmark compound of this class, the 2-methoxy purine derivative 4, 2-amino base-modified AdA derivatives are potent agonists of Ins (1, 4, 5) P 3 R. This suggests that the 2-position of a purine base deserves further exploration for design of high affinity ligands of Ins (1, 4, 5) P 3 R. Among the 2-aminopurine analogues, the substituent at the 6-position slightly influenced potency. The similar potencies of 2-amino and 2,6-diamino analogues agree with previous results showing that the 6-NH 2 does not contribute to potency. 7d,30 The slightly lower potency of chlorophostin and slightly higher potency of guanophostin support our original model of the interaction of AdA with the Ins(1,4,5)P 3 R involving a cation-π interaction. 7a Molecular modeling was used to gain further insight into the interactions of these novel ligands with the Ins(1,4,5)P 3 R. The relative difference in potency of 2-OMe and 2-NH 2 derivatives is mirrored by the modeling studies. The carboxylate side chain of Glu505 approaches the NH 2 group in 2-aminopurine derivatives as expected, while it is deflected in the 2-methoxy derivative. Although the receptor region close to the 2-position is sterically intolerant, introduction of a smaller group that can interact with the carboxylate side chain Glu505 may compensate. However, modification of the 2-position with a bulkier group may lead to loss of potency. It is noteworthy that both the models of these AdA analogues and the actual crystal structure of Ins (1, 4, 5) P 3 bound to its binding core suggest the possibility of a helix-dipole interaction in ligand recognition. The significance of this putative interaction awaits further investigation.
Experimental Section
Measurement of Ca 2+ Release from Permeabilized Cells. The effects of Ins (1, 4, 5) P 3 or AdA analogues on intracellular Ca 2+ stores were measured using a low-affinity Ca 2+ -indicator trapped within the intracellular stores of permeabilized cells. 29,51 DT40 cells stably expressing only rat type 1 Ins(1,4,5)P 3 R (DT40-Ins(1,4,5)P 3 R1) were harvested by centrifugation (650 × g; 2 min) and resuspended ((2-3) × 10 7 cells/mL) in Hepes-buffered saline (HBS: 135 mM NaCl, 5.9 mM KCl, 1.2 mM MgCl 2 , 1.5 mM CaCl 2 , 11.6 mM Hepes, 11.5 mM D-glucose, pH 7.3) supplemented with Mag-fluo-4AM (20 µM), Pluronic F-127 (0.05%), and bovine serum albumin (1 mg/mL). After 1 h at 20°C in the dark, the Mag-fluo-4-loaded cells were harvested (650 × g; 2 min) and resuspended (∼2 × 10 6 cells/mL) in Ca 2+ -free cytosolic-like medium (CLM: 140 mM KCl, 20 mM NaCl, 2 mM MgCl 2 , 1 mM EGTA, 20 mM Pipes, pH 7.0). The cells were permeabilized by incubation with saponin (10 µg/ mL, 4 min at 37°C), harvested (650 × g; 2 min), and resuspended in Mg 2+ -free CLM (140 mM KCl, 20 mM NaCl, 1 mM EGTA, 375 µM CaCl 2 (∼200nM free [Ca 2+ ]), 20 mM Pipes, pH 7.0). The permeabilized cells (with Mag-fluo-4 trapped within the lumen of the ER) were then attached to 96-well plates (∼8 × 10 5 cells/well) coated with poly-L-lysine (0.01%) and centrifuged onto the plate (300 × g; 2 min). Immediately before an experiment, the cells were washed twice in Mg 2+ -free CLM to remove cytosolic Mag-fluo-4, and the plates were then mounted in a Flexstation fluorescence plate reader (Molecular Devices, Sunnyvale, CA), which allows automated additions to the sample wells while recording fluorescence. Mag-fluo-4 fluorescence was monitored by excitation at 485 nm with emission detected at 520 nm. Active Ca 2+ uptake into the ER was initiated by addition of Mg 2+ -ATP (1.5 mM), and after 150 s, when the stores had loaded to a steady-state Ca 2+ content, Ins(1,4,5)P 3 was added. The amount of Ca 2+ released by Ins(1,4,5)P 3 was expressed as a fraction of the total Ca 2+ content of the ER as assessed by addition of 1 µM ionomycin. Data are presented as means ( SEM means from at least three independent experiments, each performed in triplicate. Concentration-effect relationships were fitted to four-parameter logistic equations using nonlinear curvefitting procedures (GraphPad Prism, San Diego, CA).
2-Amino-6-chloro-9-[2′-O-acetyl-5′-O-benzyl-3′-O-(3′′,4′′-di-O-acetyl-2′′,6′′-di-O-benzyl-R-D-glucopyranosyl)--D-ribofuranosyl]purine (11).
A solution of disaccharide 10 (626 mg, 0.833 mmol), 2-amino-6-chloropurine (272 mg, 1.60 mmol), and N,Obis-trimethylsilyl-acetamide (BSA, 1.15 mL, 4.7 mmol) in acetonitrile (25 mL) was heated to reflux (100°C) for 30 min. When the solution became clear, the reaction mixture was cooled to room temperature, and then TMSOTf (325 µL, 1.78 mmol) was added dropwise. Then the reaction mixture was heated to 70°C and stirring continued at this temperature overnight. TLC showed disappearance of starting material and the formation of a single new spot. The solution was cooled, diluted with ethyl acetate, washed successively with satd aq NaHCO 3 solution, water, and brine, and dried over anhyd MgSO 4 . Column chromatography with 46% ethyl acetate-54% hexane provided pure 11 (645 mg, 90%) as a white solid: mp 81°C; [R] D +78. 5.48 (t, 1H, 9.78 Hz, 5.72 (t, 1H, 5.29 Hz, 6.20 (d, 1H, 5.55 Hz, 15H, 3 × Ph), 8.08 (s, 1H, ; 13 C NMR (100 MHz, CDCl 3 ) δ 20.4 (COCH 3 ), 20.7 (COCH 3 ), 20.9 (COCH 3 ), 67.9 (C-6"), 69.0 (C-4′′), 69.1 (C-5′), 69.2 (C-5′′), 71.8 (C-3′′), 73.3 (PhCH 2 ), 73.5 (PhCH 2 ), 73.7 (PhCH 2 ), 74.1 (C-2′), 76.5 (C-3′), 76.6 (C-2′′), 82.6 (C-4′), 86.0 (C-1′), 98.0 (C-1′′), 125.5, 127.7, 127.8, 127.9, 128.0, 128.1, 128.4, 128.5, 128.7, 137.2, 137.4, 137.6, 140.8, 151.4, 153.5, 159.1, 
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